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Abstract: Recently, the investigation of the dielectric properties of glasses in the GHz frequency range
has attracted great interest for use in printed circuit boards (PCBs) as a reinforcing material in the
application of high-speed 5G/6G communications. In particular, glasses with low dielectric properties
are a prerequisite for high-frequency applications. In this study, the GHz dielectric properties of alkali-
free aluminoborosilicate glasses without and with LayO3; were analyzed using the Clausius-Mossotti
equation where both the electronic and ionic polarizabilities contribute to the dielectric constant. The
dielectric polarizability (xp) and oxide ion polarizability (xpy_) were calculated from the measured
dielectric constant (egp,) at 1 GHz and the glass density. The dielectric constants (eopt) at the optical
frequencies and electronic polarizabilities (x.) of the glasses were calculated from the refractive index
measured at 633 nm and the glass density. The egpy, values were found to be significantly higher
than the eopt values in both series of glasses, due to the ionic polarizability (c;), which contributes
additionally to the egpy,. The lower dielectric constants of the LayOz-incoporated glasses than that of
the reference glass without La,O3 may be due to the lower ionic polarizability originated from the
incorporation of the high cation field strength of the La3* ions.

Keywords: alkali-free aluminoborosilicate glasses; dielectric constant; dielectric polarizability; oxide
ion polarizability; PCB application

1. Introduction

In recent years, the needs to increase data transmission rates and network connectivity
have become more urgent because of the rapid progression in the development of 5G/6G
telecommunication, the internet of things (IoT), autonomous vehicles, low orbit satellite
communication, etc. [1-8]. In order to realize these emerging technologies, millimeter
(mm)-wave devices require improvements in their electronic designs [1,3,5,7,8]. In ad-
dition to the advanced electronic designs, satisfying the requirement of a low dielectric
property is very important to enable fast signal transmission, as the signal loss is mostly
determined by the dielectric properties of insulators and their interface with conductors in
the mm-wave frequency range [1,3,5,7,8]. The low dielectric property shortens propagation
delay and mitigates signal loss and also leverages larger device geometries that decrease
sensitivity to fabrication tolerances. Investigations on the dielectric property are essential
for understanding the glass structure as it relates to the polarizability of constituent ions
forming the glass [9-13]. Moreover, they can provide insight into the chemical structure of
the glass at GHz frequencies, where the electronic and ionic mechanisms contribute to the
polarizability. Glass fibers with a lower dielectric constant (<4.9) and dissipation factor
(<0.005) are important materials for reinforcing electronic products in the application of
high-speed telecommunications [7,8,14].
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In this connection, the characterization of the dielectric properties of glass materials in
the GHz frequency range has gained growing interest in designing new glass compositions
for use in printed circuit boards (PCBs) as a reinforcing material for high-speed data
transmission applications. Since the dielectric constant (¢) is calculated based on the
polarizability and density of glasses through the Clausius-Mossotti (CM) equation [9-16],
the investigation of polarizability characteristics such as dielectric polarizability («p),
oxide ion polarizability (xp;_), and optical basicity (A) is important for understanding
the dielectric responses of glasses in the GHz frequency region. The dielectric properties
of glasses are also influenced by the low-frequency (GHz-THz) and the high-frequency
(optical) modes [9-12,14-16]. The dielectric constant at a GHz frequency is a result of
contributions from the electronic and ionic polarizabilities, whereas the dielectric constant
at an optical frequency is a result of contribution from the electronic polarizability [7,14-16].
The CM equation is the method most extensively used to investigate the dielectric properties
of materials. The concise formula reveals that the decisive factors of the dielectric constant
are the molecular dielectric polarizability and molar volume. The molecular dielectric
polarizability of a compound can be obtained through the summation of an individual
cation and anion polarizabilities according to the additivity rule.

Oxide ion polarizability (xpp—) is considered to be an important parameter for re-
flecting the overall glass characteristics and is strongly influenced by its structure and
chemical environment [17-19]. In addition, the ccop_ is one of the main factors contributing
to the polarizability of oxide glasses [20-24]. xop— for single oxides [20,21,23], binary glass
systems (silicate, borate, tellurite, and germanate) [19,21,23], and ternary glass systems
(silicate, tellurite, and germanate) [23] has been estimated from the refractive index values
measured at visible wavelength, yielding different values for each glass system. For in-
stance, aop_ varies from 1.540 to 1.627 A3 in a NayO-SiO, glass system, as the NayO content
increases from 15 to 30 mol% [23]. Meanwhile, xp_ varies from 2.293 to 1.914 A% in a
Na;O-Nb,O5-5i0; glass system, as the Na,O content decreases from 33.3 to 16.7 mol% and
SiO; content increases from 33.3 to 66.6 mol% [23]. Optical basicity (A) is a key parameter
for characterizing the glass structure and ionicity properties, and it also reflects the oxide
ion polarizability of the glass [17-19]. An increase in ionicity in a glass increases the A
because oxygen moves closer to an anionic state (O?~), thereby acquiring the ability to
transfer its electron cloud to the surrounding environment.

In view of the important considerations above, various investigations on the dielectric
properties of glasses have been conducted in the GHz-THz frequency range using the
well-known CM equation [14-16]. Lanagana et al. [14] investigated the permittivity and
loss tangent values of alkali- and alkaline earth-modified silicate glasses at 10 GHz and
estimated the ap of the glasses from the permittivity and molar volume using the CM
equation. Wada et al. [15] investigated the dielectric properties of oxyfluorosilicate glasses
in the THz region using terahertz time-domain transmission spectroscopy (THz-TDS). It
was shown that the dielectric properties of the glasses result from the contributions of both
the electronic and ionic polarizabilities. Naftaly and Miles [16] conducted a study on the
absorption coefficients and refractive indices of silicate glasses using THz-TDS and found
that the complex permittivity in the 0.1-3 THz frequency range was significantly influenced
by ionic polarization. They found that the addition of oxide modifiers to the silicate glass
matrix led to a pronounced increase in polarizability. However, few studies have been
conducted on the characterization of dielectric properties of alkali-free aluminoborosilicate
glasses in the GHz frequency range.

Aluminoborosilicate glasses are attractive materials for composite structure applica-
tions, including PCBs, owing to their low dielectric property, low coefficient of thermal
expansion, high thermal stability, high mechanical stability, etc. [25-32]. Recently, alkali-free
aluminoborosilicate glass compositions incorporating rare earth (RE) species have attracted
considerable attention for the development of low-dielectric glass fibers because of their
promising ability to improve the viscosity and dielectric properties [30-32]. Recently, we
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fabricated alkali-free aluminoborosilicate glasses by varying SiO, and La;O3 contents and
investigated the structural, thermal, and MHz-GHz dielectric properties of the glasses.

In this study, through this analysis, we aimed to understand the polarizability char-
acteristics of the glasses that influence their dielectric properties at GHz and optical fre-
quencies. The dielectric and polarizability properties at 1 GHz were investigated in two
series of alkali-free aluminoborosilicate glasses fabricated by varying the SiO; and LayOs
contents. The ap, op—, and A values of the glasses were obtained from the measured egp,
and glass density properties using the CM equation. The refractive indices of the glasses
were measured at 633 nm, and the dielectric constants (eqpt) at the optical frequencies and
electronic polarizabilities () of the glasses were calculated from the measured refractive
indices. For a comparative study, we also examined the difference between the GHz and
optical dielectric constants, from which the electronic and ionic polarizabilities were deter-
mined. Furthermore, the relationships between the dielectric and polarizability properties
at 1 GHz and at 633 nm and the physical characteristics of the glasses with respect to the
glass compositions were examined.

2. Materials and Methods
2.1. Fabrication of Alkali-Free Aluminoborosilicate Glasses

Two series of alkali-free aluminoborosilicate glasses were prepared using the melt-
quenching method. The chemical compositions of two series of alkali-free aluminoborosili-
cate glasses without and with La,O3 (referred to as GDMC-Si and GDMC-La, respectively)
are listed in Table 1. The GDMC-Si glasses were fabricated by varying the SiO; and Al,O3
contents, and the rest of the chemical components (B,O3, CaO, and MgO) were kept at
nearly constant in the glasses. The GDMC-La glass compositions were designed from
the reference GDMC-S5i59 glass and fabricated by substituting LayOs for (Al,O3 + MgO).
High-purity powders of SiO,, Al,O3, B,O3, MgCO3, CaCOj3, and Lay O3 (Kojundo, Sakado,
Japan, >99.9%) were weighed using a balance and mixed using a ball mill for 2 h. A homo-
geneous mixture of each batch composition was melted at 1650 °C in an electric furnace
for the duration of 3 h. The viscous glass melt was then quenched by pouring it onto a
pre-heated brass plate. The glasses were annealed at 650 °C for 2 h to release residual stress
in the glass and naturally cooled down to room temperature. The glass samples were cut
and polished to the desired dimensions for the optical and dielectric measurements. The
glasses with a LapO3 concentration up to 1.2 mol% showed the characteristics of vitreous
phases since they were transparent and homogeneous. Beyond this concentration, the
crystallization phases appeared in the melt, which characterize the solubility limit of La;O3
for this composition.

Table 1. Chemical compositions of the alkali-free aluminoborosilicate glasses.

Glass Composition (mol%)

Glass Label
Si02 A1203 3203 CaO MgO La203

GDMC-5i58 58.7 10.90 19.7 5.5 5.20 0

GDMC-5i59 59.5 10.20 19.6 55 5.20 0

GDMC-5i60 60.3 9.50 19.5 55 5.20 0

GDMC-Si61 61.1 8.80 19.4 5.5 5.20 0

GDMC-Si62 62.7 7.40 19.2 55 5.20 0
GDMC-La0.1 59.5 10.13 19.6 55 5.17 0.1
GDMC-La0.2 59.5 10.07 19.6 5.5 513 0.2
GDMC-La0.4 59.5 9.93 19.6 5.5 5.07 0.4
GDMC-La0.8 59.5 9.67 19.6 55 493 0.8

GDMC-Lal.2 59.5 9.40 19.6 5.5 4.80 1.2
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2.2. Characterization of Alkali-Free Aluminoborosilicate Glasses

The densities of the glasses were measured using a densimeter (Alfa Mirage, MD-300S,
Seongnam-si, Republic of Korea). The density of each glass sample was measured at multi-
ple times, and the deviation of the measured density was approximately £0.003 g/cm?.

Molar volume (V) was determined from the glass density (p) and molecular weight
(M;) of each glass component weighted by its molar fraction (x;):

L xiM;
1

Vm - 0 (1)

Oxygen packing density (pox) was determined using the following equation:
1
Pox = szini )
mj

where n; represents the number of oxygen atoms in each glass component, i.e., 2 for SiOp,
3 for Al,O3, 3 for B,O3, 1 for MgO, 1 for CaO, and 3 for La;O3. To some extent, the structure
of the glass can be viewed as oxygen atoms densely packed with other elements. The
molar volume of oxygen (V,ox) indicates the degree of densely packed oxygen and can be
calculated from Vi, and n; using the following equation:

1

Vox:Vm -
Y xin
- 114

(3)

The dielectric properties of the glasses were measured at 1 GHz using the parallel plate
method with a sensor probe (Keysight, 16453A, Santa Rosa, CA, USA) and an RF impedance
analyzer (Agilent, E4991A, Santa Clara, CA, USA) [33]. Optical absorption spectra of glasses
were measured using a UV-VIS-NIR spectrometer (Perkin Elmer, LAMBDA 950, Westford,
MA, USA) in the wavelength region between 300 and 2500 nm with a spectral resolution of
5 nm. The refractive indices of the glasses were measured using a prism coupler apparatus
(SAIRON, SPA4000, Gwangju, Republic of Korea) at various wavelengths of 633, 830, 1310,
and 1550 nm. Polished thin glass sheets with a size of 85 x 85 x 0.78 mm? were used for
the measurement.

3. Results
3.1. Physical Properties

Density is a macroscopic parameter that reflects the polymerization of the glass net-
work structure and depends on the glass composition and coordination number of the
atoms [30,34-36]. Table 2 lists the physical properties of the GDMC-Si and GDMC-La
glass systems.

Figure 1 shows the variations in p and Vi, as functions of SiO; content in the GDMC-5i
glasses. As shown in Figure 1A, the p continuously decreased from 2.366 to 2.311 g/cm?
as the SiO; content increased from 58.7 to 62.7 mol% in the glasses. Meanwhile, the Vp,
initially increased and subsequently decreased with increasing SiO, content. The decrease
in p of the glasses with increasing SiO; content is attributed to the progressive substitution
of 5i0,, which has a lighter molar mass of 60.08 g/mol compared to the 101.96 g/mol of
Aly)Os. In addition, the observed trends of p and Vy, in the glasses with the substitution
of SiO, for Al,Oj3 are attributed to the high-field strength modifier cations (R%: Mg2+,
Ca?*) [30,37,38]. In the alkali-free aluminoborosilicate glasses, the R%* jons prefer to form
NBOs rather than to compensate the negatively charged [BO4]™ and [AlO4]~ tetrahedral
units when the RO/ Al,Os ratio is greater than 1 [30,37,38]. Therefore, the glass network is
depolymerized in the GDMC-Si glasses with the substitution of SiO, for Al,O3 because of
the increase in NBOs, thus resulting in a decrease in p and an increase in Vp, in the glasses.
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Interestingly, an anomalous molar volume decrease was observed with increasing the S5iO;
content in the range from 60.3 to 62.7 mol% in the glasses.

Table 2. Physical properties of the GDMC-5Si and GDMC-La glass systems.

Physical Property
Glass Label
p (g/cm?) Vi (cm3/mol) Pox (mol/cm3) Vox (cm3/mol)
GDMC-Si58 2.366 4+ 0.003 27.589 + 0.006 0.0797 + 0.0001 12.546 4+ 0.002
GDMC-Si59 2.346 4+ 0.003 27.695 + 0.006 0.0791 £+ 0.0001 12.640 £ 0.002
GDMC-Si60 2.334 £+ 0.003 27.708 + 0.006 0.0788 + 0.0001 12.693 + 0.002
GDMC-Si61 2.325 4+ 0.003 27.685 + 0.006 0.0786 + 0.0001 12.729 4+ 0.002
GDMC-Si62 2.311 4+ 0.003 27.591 + 0.006 0.0782 4+ 0.0001 12.779 4+ 0.002
GDMC-La0.1 2.369 £+ 0.003 27.529 + 0.009 0.0796 + 0.0001 12.561 4+ 0.001
GDMC-La0.2 2.375 4+ 0.003 27.564 + 0.009 0.0795 + 0.0001 12.572 4+ 0.001
GDMC-La0.4 2.389 4+ 0.003 27.605 £ 0.009 0.0794 + 0.0001 12.584 4+ 0.001
GDMC-La0.8 2.417 £+ 0.003 27.691 + 0.009 0.0793 + 0.0001 12.608 £+ 0.001
GDMC-Lal.2 2.449 4+ 0.003 27.728 £+ 0.009 0.0793 + 0.0001 12.609 £ 0.001
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Figure 1. Variations in density (black squares) and molar volume (red circles) as functions of (A) SiO,
and (B) Lay O3 contents in the GDMC-Si and GDMC-La glasses.

Figure 1B shows the variations in p and Vi as functions of LayO3 content in the
GDMC-La glasses. The density change was more pronounced in the glasses with the
incorporation of LayOs. The p linearly increased in the range of 2.369-2.449 g/cm3 with
a small substitution of La,O3 content for (Al,O3 + MgO) in the range of 0.1 to 1.2 mol%.
Meanwhile, the Vi, increased in the range of 27.529-27.728 cm? /mol with the corresponding
incorporation of La,O3 content. The increase in the p of the glasses is attributed to the
progressive incorporation of the heavier molar mass component of La,O3 (325.81 g/mol)
substituted for the relatively lighter molar mass components of Al,O3 (101.96 g/mol) and
MgO (40.30 g/mol). In addition, the incorporated La,O3 provides free oxygens (O?>~) and
transforms some of the [BOs] trigonal pyramid units into the [BO4] tetragonal bipyramid
units [31,35], thereby increasing the polymerization of the glass network and in turn leading
to an increase in p. Moreover, the La;O3 species possesses a high cation field strength that
can attract the NBOs and complement the glass network structure, resulting in an increase
in p. The increase in Vi, in the GDMC-La glasses with increasing La,Os content may be
attributed to the larger ionic radius of La3* ions (1.22 A) compared to that of the other
glass constituents. Similar trends in density and molar volume with the addition of La;O3
content were observed in the LayO3-Al,03-5i0; glass system [39]. Notably, the density
values of the GDMC-La glasses were lower than those of the RE-doped aluminoborosilicate
glasses containing RE oxides [32,35,40], ensuring their suitability for PCB applications.

Figure 2A shows the variations in pox and Vox as functions of SiO; content in the
GDMC-Si glasses. The pox continuously decreased from 0.0797 to 0.0782 mol/ cm3, and
the Vo increased from 12.55 to 12.78 cm?®/mol as the SiO, content increases from 58.7 to
62.7 mol%, respectively. The decrease in pox and increase in Vox in the glasses with
increasing SiO; content substituted for AO3 may be due to the increase in tetrahedral



Materials 2024, 17, 1404

6 of 16

units with fewer cross-links. This clearly indicates that the glass network structure is
depolymerized with increasing the substitution of SiO, for Al,Oj3 in the glasses. Figure 2B
shows the variations in pox and Vox as functions of LayO3 content in the GDMC-La glasses.
The pox decreased from 0.0796 to 0.0793 mol/cm?, while the V. increased from 12.56 to
12.61 cm®/mol with increasing the substitution of LayOs for (Al,O3 + MgO) in the range
from 0.1 to 1.2 mol%. The trend observed in pox with the LapO3 content may be attributed
to the high cation field strength of La3* ions, which will improve the connectivity of the
glass network by reducing the NBOs [31,32,35,40]. The increase in Vyx with increasing the
La,O3 content in the glasses is attributed to the higher number of bonds formed, as La,O3
species provide free oxygens to polymerize the glass network structure. It is worthy to note
that the increase in pox and decrease in Vo with increasing the substitution of La;Oj in the
GDMC-La glasses indicate the polymerization of glass network when compared with those
in the reference GDMC-5i59 glass.

@ ®) o] 12.62
0.0800} li2s : 12,61
T 0.0795} — 3 «”E‘ 0.0798¢ 112605
K] 712.7,3\5 £0.0795- 712.59”:\9
© 0.0790f £ [<] £
£E ~ S Eporos 1258L
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Figure 2. Variations in pox (black squares) and Vo (red circles) with respect to the SiO, and La;O3
contents in the (A) GDMC-Si and (B) GDMC-La glasses.

3.2. Dielectric and Polarizability Properties at GHz Frequencies

Figure 3A shows the egpy, values of the GDMC-Si glass system with respect to the
S5iO; contents. The e, decreased from 4.94 to 4.74 with increasing the substitution of SiO;
for Al,Oj3 in the glasses. In the GDMC-La glasses, the egpy, increased from 4.66 to 4.93 with
increasing the substitution of LayO3 for (Al,O3 + MgO), as shown in Figure 3B. The ey, of
the glasses mainly results from the polarizability contribution of their constituents [9-16].
Interestingly, with the incorporation of La,O3 up to 0.8 mol%, egp, decreased by approxi-
mately 1 to 3% compared with that of the reference GDMC-5i59 glass. This decrease can
be explained by the polymerization of the glass network. The addition of La,Oj3 to the
glass matrix reduces the polarizable NBOs in the [SiO4] network of the GDMC-La glasses,
leading to a decrease in the egpy, of the glasses. However, egp, increased with a further
increase in LapyO3 content (1.2 mol%) compared with that of the reference glass, which
might be due to the increase in free oxygens (O?~) through the relatively large La,O; in-
corporation, and this would depolymerize the glass network reversely [31,32,35,40]. These
results indicate that an increasing glass network connectivity could reduce ap and in turn
lead to a decrease in egp, by introducing RE elements in the alkali-free aluminoborosilicate
glasses up to certain levels. Table 3 summarizes the egp, values measured at 1 GHz and
the other polarizability properties of the GDMC-5i and GDMC-La glasses.

The dielectric properties of aluminoborosilicate glasses incorporated with RE ions were
studied at MHz frequencies by Y. Yue et al. [30,31,35,40]. They found that the single- and co-
doping of RE species can reduce the dielectric constant of the glasses because of the increase
in the polymerization of the glass network structure. Several researchers have studied the
dielectric responses and polarization mechanisms of alkali and alkaline earth-modified
silicate glasses in the GHz-THz frequency range [7,9-12,14]. It was shown that the alkali-
modified silicate glasses exhibit strong dielectric dispersion and show higher dielectric
constants than the alkali-free glasses, which is due to the vibrations and migrations of alkali
ions that are easily moved in the glass subjected to electromagnetic waves. The studies
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suggested that glasses with a low amount of alkali metal ions and less polarizable ions are
required when they are applied as a high-frequency dielectric material.

(A)5'0 (B) 5.0
a9l GDMC-Si59 a9l /%
; ; ¥
(U} 4.8r o 4.8+

W ’ /
— /§

s k%/

46 1 1 1 1 46 1 1 1 1 1 1
58 59 60 61 62 63 00 02 04 06 08 10 1.2
SiO, content (mol%) La,0; content (mol%)

Figure 3. Variations in dielectric constant (egpy,) at 1 GHz as functions of the SiO, and La,O3 contents
in the (A) GDMC-Si and (B) GDMC-La glass systems.

Table 3. Dielectric constants (¢gp,) and polarizability properties of the GDMC-Si and GDMC-La
glass systems at the frequency of 1 GHz.

Glass Label egHz at 1 GHz ap (A%) ooy (A3) A

GDMC-Si58 494 £+ 0.02 6.21 + 0.01 2.392 4+ 0.003 0.972 4+ 0.001
GDMC-Si59 4.88 + 0.02 6.19 £+ 0.01 2.395 + 0.003 0.973 £+ 0.001
GDMC-Si60 4.83 + 0.02 6.16 + 0.01 2.391 4+ 0.003 0.972 £+ 0.001
GDMC-Si61 4.78 £+ 0.02 6.12 + 0.01 2.383 4+ 0.003 0.969 + 0.001
GDMC-Si62 4.74 £+ 0.02 6.07 £ 0.01 2.382 + 0.003 0.969 £+ 0.001
GDMC-La0.1 4.66 + 0.02 5.99 £+ 0.01 2.301 £ 0.005 0.944 + 0.002
GDMC-La0.2 4.71 +£0.02 6.04 £+ 0.01 2.315 4+ 0.005 0.949 + 0.002
GDMC-La0.4 4.78 + 0.02 6.10 £+ 0.01 2.332 + 0.005 0.954 £+ 0.002
GDMC-La0.8 4.83 + 0.02 6.15 + 0.01 2.334 4+ 0.005 0.955 + 0.002
GDMC-Lal.2 493 £+ 0.02 6.23 + 0.01 2.347 4+ 0.005 0.959 + 0.002

According to the CM equation, ap has relationships with egy, and Vi, and is ex-
pressed by the following equation [9-16]:

ocD—< ° )[(vm)("‘GHZ_1> @

4T (ecHz +2)

where Vp, is the molar volume, and Ny is the Avogadro number (6.023 x 102 mol~1). The
ap values of the alkali-free aluminoborosilicate glasses were calculated from the measured
egHz and p using Equations (1) and (4).

Figure 4A shows the variations in oy with respect to the SiO; contents in the GDMC-Si
glasses. The ap decreased from 6.21 to 6.07 A3 with increasing the substitution of SiO, for
Al>,Oj3 in the range of 58.7 to 62.7 mol%. The substitution of SiO, for Al;O3 in the GDMC-
Si glasses replaces the ionic [AlO4] ™ tetrahedra with the covalent [SiO4] tetrahedra [41].
This decrease in the ionic bonding characteristics of the glass structure could result in
the decrease in ap in the glasses. Figure 4B shows the variations in ap with respect to
the Lap;O3 contents in the GDMC-La glasses. The ap increased from 5.99 to 6.23 A3 with
increasing the substitution of La;O3 for (Al,O3 + MgO) in the range of 0.1 to 1.2 mol%.
The ap increased with increasing the substitution of LayO3 for (Al,O3 + MgO), which
is attributed to the relative increase in polarizable NBOs caused by the incorporation of
high cation field strength La®>" ions [30-32]. Interestingly, the ap of the glasses with the
LayO3 content up to 0.8 mol%, was lower than that of the reference glass (GDMC-S5i59). As
mentioned before, this result may be attributed to the fact that the La;O3 species can attract
NBOs, and this would improve the connectivity of the glass network by transforming
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the boron and aluminum structural units, and the increase in the connectivity leads to a
decrease in ap [30-32]. Figure 4C,D show the variations in ap with respect to gy in the
GDMC-5i and GDMC-La glass systems, respectively. As shown in the figures, almost linear
relationships between egpy, and ap were found in both the glass systems.

el GDMC-Si59 3
6.20 §\®\ 6.20| /
& 6.15] \ & 6.15] /é

56101 \ £6.10F /§

&
6.00 6.00 é/
595 1 1 1 1 1 595 1 1 1 1 1 1
58 59 60 61 62 63 00 02 04 06 08 10 12
SiO, content (mol%) La,0; content (mol%)
(c)6:3 @ 3

GDMC-Si59

6.0 6.0~ ./

5.9 L L 59 1 1
4.7 4.8 4.9 5.0 4.6 47 4.8 49 50

€
€GHz GHz

Figure 4. Variations in dielectric polarizabilities (xp) with respect to the SiO, and La,O3 contents in
the (A) GDMC-Si and (B) GDMC-La glasses; the relationships between the dielectric polarizability
(xp) and dielectric constant (¢gpy,) in the (C) GDMC-Si and (D) GDMC-La glass systems.

The xpp_ was estimated from the xp and cation polarizability (xc) according to the
following equations [13,14]:

dop- = S ©)
ac =) xio (6)
X = ZXiYi (7)

where x; is the mole fraction of each component, y; is the number of oxide ions, and ociC is
the cation polarizability of each component. The known values were used for the cation
ion polarizabilities (in A%): Si**, 0.87; AI**, 0.79; B**, 0.05; Ca2*, 3.16; Mg?*, 1.32; and La%*,
6.07 [13]. The calculated xpy_ values for the different glass compositions are summarized
in Table 3.

Figure 5A depicts the compositional dependence of ooy in the GDMC-Si glasses.
The ooy of the glasses was found to be nearly constant regardless of the SiO, content
substituted for Al,O3. The average aoy_ for the glasses was estimated to be 2.389 A3.
Figure 5B depicts the compositional dependence of xpy_ in the GDMC-La glasses. The
xop_ of the glasses slightly increased from 2.301 to 2.347 A3 with the increase in LayO3
being from 0.1 to 1.2 mol%. This increase is caused by the LayO3; oxide that acts as a
modifier similar to alkali oxides and increases the number of NBOs in aluminosilicate
glasses [39]. Thus, La,; O3 is regarded as a strong basic oxide, resulting in large oop— values
in LapO3-doped silicate glasses. The average ooy value for the glasses was estimated
to be 2.326 A3. Notably, the magnitude of the a,_ in the GDMC-La glasses was lower
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than that of the GDMC-Si glasses. The relatively smaller oo, values in the GDMC-La
glasses may be originated from the high-field strength characteristic of the La,O3 species,
which can improve the network connectivity by reducing the NBOs [30-32]. Figure 5C,D
show the relationships between oo,_ and egpy, for the GDMC-5Si and GDMC-La glass
systems, indicating that the egp, of alkali-free aluminoborosilicate glasses is affected by
the polarizability properties of oxygen ions.
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Figure 5. Variations in oxide ion polarizability (xpp_) with respect to the SiO, and La,O3 contents in
the (A) GDMC-5i and (B) GDMC-La glasses; the relationship between the oxide ion polarizability
(xp2—) and dielectric constant (egp) in the (C) GDMC-Si and (D) GDMC-La glasses.

The A was also estimated from «pp_ using the following equation [17-24]:

A =167 (1 — aoi_) 8)

The calculated A values for the alkali-free aluminoborosilicate systems are summa-
rized in Table 3.

Figure 6A depicts the variations in A with respect to the SiO, contents in the GDMC-Si
glasses. A very small linear increase in A was observed with the substitution of SiO, for
Al,Os3 in the glasses, and the averaged A value was 0.971. Figure 6B depicts the variations
in A with respect to the La;O3 contents in the GDMC-La glasses. A slight increase in A
from 0.944 to 0.959 was observed in the glasses with the increase in LayO3 substituted
for (Al,O3 + MgO). The average A value of the glasses was 0.952. The GDMC-La glasses
with LayO3 incorporation exhibit lower A values than the GDMC-Si glasses, and this
indicates that the glasses have smaller polarizabilities and stronger chemical bond strengths
compared to those of the GDMC-Si glasses [22-24]. Komatsu et al. [22] investigated A
values for different binary and ternary silicate glasses from «pp_ values derived using the
Lorentz—Lorenz equation. They found that glass compositions with large A values exhibit
high electronic polarizability and weak chemical bond strengths. In addition, Komatsu
and Dimitrov [23] investigated the xp,_ characteristics of binary and ternary tellurite
glasses and found that high electronic polarizability and weak bond strengths could lead
to large A values in the glasses. Figure 6C,D show the relationships between xp;_ and A
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in the GDMC-Si and GDMC-La glasses. The linear relationships between xpy— and A were
observed in both the glass systems, and these characteristics are consistent with those of

the silicate glasses reported in the literature [20-22].
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Figure 6. Variations in optical basicity (A) with respect to the SiO, and La;O3 contents in the
(A) GDMC-Si and (B) GDMC-La glasses; the relationship between the optical basicity (A) and oxide
ion polarizability (xpy—) values in the (C) GDMC-5i and (D) GDMC-La glasses.

3.3. Dielectric and Polarizability Properties at Optical Frequencies

Figure 7A,B show the UV-VIS-NIR absorption spectra of the GDMC-5i and GDMC-La
glasses. As shown in the figure, the absorption spectra of two series of glasses show an
exponential increase in the UV edge regions (~400 nm), indicating the amorphous nature
of the glasses. Mott and Davis proposed a relationship that is used for the determination of
optical bandgap energy (Eg) in amorphous materials [42]:

ohv = B(hv — Eg)2 )

where « is a linear absorption coefficient, B is a constant, and hv is the photon energy. The
o is given by
x(v) = 2.303 x A (10)
d
where A refers to the optical absorbance, and d refers to the thickness of the glass sample.
Figure 7C,D show Tauc’s plots between (ahv)1/2 and hv for the GDMC-Si and GDMC-
La glasses. The Eg values were determined by extrapolating the linear region of the curve
to the hv axis, where ahv = 0. The obtained Eg values were found to be in the ranges of
3.17-3.32 eV and 3.20-3.35 eV for the GDMC-Si and GDMC-La glasses, respectively. It is
noted that the overall trend of the Eg values increased with increasing the substitutions of
5i0; for Al,O3 and Lay O3 for (Al,O3 + MgO) in both the glass systems. This indicates that
the UV absorption edge was shifted to lower wavelengths with the increases in SiO; and
LayO3 contents in the studied glasses.
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Figure 7. (A,B) Absorption spectra and (C,D) Tauc’s plots for the GDMC-Si and GDMC-La glasses.

Figure 8 shows the refractive indices of the (A) GDMC-Si and (B) GDMC-La glass
systems in the optical region at different wavelengths of 633, 830, 1310, and 1550 nm.
As expected, the refractive index (n,) decreased with respect to the wavelength in both
series of glasses. The refractive index was found to decrease from 1.5028 to 1.4931@633 nm
with the substitution of SiO; for Al,O3 in the GDMC-Si glasses. The decrease in n, is
ascribed to the lower polarizability of the glasses with the substitution of SiO, for Al,Os.
In the GDMC-La glasses, the refractive index increased from 1.5028 to 1.5196@633 nm
upon Lay O3 substitution at concentrations greater than 0.2 mol%. The increase in n, is
ascribed to the higher polarizability caused by the LayO3 species, which provide sufficient
oxygen ions leading to the creation of NBOs in the glass structure. Among the studied
glasses, the GDMC-La glasses showed higher refractive indices than those of the GDMC-Si
glasses. The decrease or increase matched with the density trends for the same composi-
tional changes in both series of glasses. A decrease in density can be expected to cause a
decrease in the average electron density of the glasses. This reduced electron density will
subsequently affect the refractive index. Notably, the refractive index values of the present
glasses are slightly higher than those of the commercial fused silica (ng = 1.458@589 nm)
and Pyrex (ng = 1.474@589 nm) [16]. Table 4 presents the refractive indices (n,), optical di-
electric constants (eqpt), and electronic polarizabilities () of the GDMC-Si and GDMC-La
glass systems.

In order to compare the dielectric properties of the studied glasses in the GHz and
optical frequency regions, the measured optical refractive index data were analyzed using
the CM equation [16]. The dielectric constant (eopt) at the optical frequencies is determined
using the molar polarizability of electrons associated with constituent molecules in the
glasses. On the other hand, the dielectric constant (egn,) at the GHz frequencies is deter-
mined using the total polarizability, including contributions from the electronic (ct.) and
ionic (o;) molar polarizabilities in the glasses [16]. Therefore, the eopt and egpy, are related
to the &, oy, and total polarizability, ap = e + &4, as shown in the following equations:
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Figure 8. Wavelength dependence of the refractive indices in (A) GDMC-Si and (B) GDMC-La glass

systems.

Table 4. Optical refractive indices (n,), optical dielectric constants (eopt), and electronic polarizabilities
(e) of the GDMC-Si and GDMC-La glass systems.

Refractive Index, n,

Glass Label €opt o (A%) o (A3)
633 nm 830 nm 1310 nm 1550 nm

GDMC-Si58 1.5028 4+ 0.0005  1.4978 + 0.0005  1.4900 + 0.0005  1.4875 + 0.0005 2.258 £+ 0.001 3.230 4+ 0.001 2.980 £+ 0.001
GDMC-Si59 1.4992 4+ 0.0003  1.4947 +0.0003  1.4867 4 0.0003  1.4841 + 0.0003 2.248 4+ 0.001 3.223 £+ 0.001 2.967 £+ 0.001
GDMC-Si60 1.4985 4+ 0.0002  1.4939 + 0.0002  1.4861 + 0.0002  1.4836 + 0.0002 2.246 + 0.001 3.221 4+ 0.001 2.939 £+ 0.001
GDMC-Si61 1.4970 4+ 0.0003  1.4929 + 0.0003 1.485 4+ 0.0003 1.4825 4 0.0003 2.241 + 0.001 3.210 £ 0.001 2.910 £ 0.001
GDMC-Si62 1.4931 +0.0005  1.4886 + 0.0005  1.4808 + 0.0005  1.4782 + 0.0005 2.229 4+ 0.001 3.178 £+ 0.001 2.892 4+ 0.001
GDMC-La0.1 1.5048 4+ 0.0002  1.4999 + 0.0002 1.492 + 0.0002 1.4894 4 0.0002 2.264 + 0.002 3.234 £+ 0.002 2.756 £ 0.002
GDMC-La0.2 1.5028 4+ 0.0001 1.498 + 0.0001 1.4902 4+ 0.0001  1.4877 £ 0.0001 2.258 4+ 0.002 3.227 £+ 0.002 2.813 4+ 0.002
GDMC-La0.4 1.5036 + 0.0001  1.4989 + 0.0001  1.4911 + 0.0001  1.4886 + 0.0001 2.261 £ 0.002 3.236 £+ 0.002 2.863 £ 0.002
GDMC-La0.8 1.5060 4+ 0.0003  1.5013 + 0.0003  1.4935 + 0.0003 1.491 + 0.0003 2.268 £+ 0.002 3.260 £ 0.002 2.890 £ 0.002
GDMC-Lal.2 1.5196 +0.0002  1.5147 +0.0002  1.5063 + 0.0002  1.5038 + 0.0002 2.309 4+ 0.002 3.338 £+ 0.002 2.892 £ 0.002

As noted before, the dielectric constants (ecgp,) of the glasses were measured at 1 GHz
using the parallel plate method. The eqpt of the glasses was calculated using the equation
Eopt = noptz from the optical refractive indices measured at 633 nm by considering a
negligibly smaller extinction coefficient (K = aA /47, where « is the absorption coefficient
and A is the wavelength of the light) compared to the refractive index in the visible region.
The calculated eopt values are shown in Table 4. Figure 9A shows the ¢opt of the GDMC-5i
glasses for different SiO, contents, and it decreased from 2.258 to 2.229 with increasing the
substitution of SiO, for Al;Oj3 in the glasses. Figure 9B shows the eqpt of the GDMC-La
glasses for different concentrations of LayO3. The ¢opt was found to increase from 2.264 to
2.309 with the substitution of LayO3 for (Al,O3 + MgO) in the glasses. The o, of the present
glasses was calculated from the measured refractive index data and molar volume using
Equations (1) and (11) and are tabulated in Table 4. The cation ion polarizabilities (in A3),
Si*t: 0.033, AI>*: 0.054, B%*: 0.002, Ca?*: 0.469, Mg?*: 0.094, and La®*: 1.32, were used
for the calculation [8]. As seen from Figure 9A,B, the o, decreased from 3.230 to 3.178 A3
and increased from 3.234 to 3.338 A3 with the increase in SiO, from 58.7 to 62.7 mol% and
La; O3 from 0.1 to 1.2 mol%, respectively. On the other hand, the «; of the present glasses
was obtained using Equations (11) and (12) by subtracting o, from op. The calculated
o values for both glass systems are shown in Table 4. The «; values decreased from
2.980 to 2.892 A3 and increased from 2.756 to 2.892 A3 with the increases in SiO, from
58.7 to 62.7 mol% and La;O3 content from 0.1 to 1.2 mol% in the glasses, respectively. The
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decrease in «; in the GDMC-Si glasses with the substitution of SiO, for Al,O; is caused
by the decrease in the ionic [AlO4]™ tetrahedra that are replaced by the covalent [SiO4]
tetrahedra [41]. In GDMC-La glass series, the increase in «; is due to the relative increase in
polarizable NBOs caused by the incorporation of La;O3 [30-32]. Notably, the «; values of
the GDMC-La glasses were found to be lower in comparison with those of the reference
glass (GDMC-5i59). This implies that the degree of ionic bonding can be reduced with the
incorporation of La;Oj3 species in the alkali-free aluminoborosilicate glasses. The oxygen
ion electronic polarizability (xp;-(no)) and optical basicity (A (no)) of the glasses were
calculated using Equations (5) and (8) by subtracting the cation polarizabilities from oe.
The average xop-(no) and A (n,) values for the GDMC-Si and GDMC-La glass systems
were found to be 1.444 and 0.514 A3, respectively. Interestingly, the &, values obtained
for the present glasses are close to those of the commercial fused silica (2.95 A%) [16] and
Pyrex (3.02 A3) [16], indicating the suitably of the present glasses for use as low-dielectric
material in the application of PCBs.
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Figure 9. Variations in optical dielectric constants (eopt) and electronic polarizabilities (xe) with
respect to the S5iO, and LayO3 contents in the (A) GDMC-Si and (B) GDMC-La glass systems.

Figure 10A,B depict the dielectric constants at 1 GHz and at 633 nm with respect to the
5i0, and LayO3 contents in the glasses, respectively. The polarizabilities calculated from
the egh, and eqpt are plotted with respect to the SiO, and La;O3 contents in the studied
glasses, as shown in Figure 10C,D. It is worthy to note that the gy, values were found
to be much larger than those of the ¢opt in two series of glasses. This is because the ionic
polarizability () contributes additionally to the egpy, at GHz frequencies in the glasses as
shown in Figure 10C,D. This indicates that higher dielectric constants at GHz frequencies
can be expected in glasses with more ionic components.
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Figure 10. Variations in dielectric constants and polarizabilities at 1 GHz and at 633 nm with respect
to the SiO, and La; O3 contents in the (A,C) GDMC-Si and (B,D) GDMC-La glass systems.

4. Conclusions

We analyzed the dielectric and polarizability properties of the alkali-free alumi-
noborosilicate glasses with respect to the SiO; and La;O3 contents in the two different
frequencies at 1 GHz and at 633 nm. It was found that the egyy, decreased and increased
with the increases in SiO; and La; O3 contents in the GDMC-5i and GDMC-La glass systems,
respectively. A good interrelationship was observed between the ¢gp, and the parameters
ap, aop—, and A in both the glass systems. Both of the present series of glasses exhibited a
trend of egp, increasing with increases in ap and oxgp—. The gy parameter is regarded
to govern the overall dielectric properties of glasses. The xxp,_ decreased from 2.392 to
2.382 A% and increased from 2.301 to 2.347 A3 with increasing SiO; and LayOs contents
in the glasses. The dielectric constants (eopt) and electronic polarizabilities (c) at the
optical frequencies were estimated for two series of glasses, and the contributions of the
electronic (o) and ionic («;) polarizabilities to the dielectric constants were analyzed. The
oy dominated the dielectric response in the glasses at GHz frequencies. The decreasing
£GHz in the glasses was confirmed by the decreasing «;. The GDMC-La glasses showed
a lower «; values than that of the reference GDMC-5i59 glass. The results show that the
dielectric property is impacted by the glass composition. The present analysis would be
useful for understanding the mechanisms contributing to the dielectric properties of glasses
at GHz frequencies and for designing new glass compositions in high-speed communica-
tion applications. Due to their low dielectric property, they can also be useful for various
applications in the GHz frequency range as dielectric filters, resonators, and antennas.

Author Contributions: Conceptualization, L.K. and B.H.K.; methodology, Y.-O.P,; validation, M.-K.O.;
investigation, L.K. and Y.-O.P,; writing—original draft preparation, L.K.; writing—review and editing,
M.-K.O., W-T.H. and B.H.K,; supervision, B.H.K.; project administration, W.-T.H. and B.H.K,; funding
acquisition, W.-T.H. and B.H.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National R&D Program (No. NRF-2021M3H4A3A01050367)
through the National Research Foundation (NRF) of Korea funded by the Ministry of Science and
ICT, a research program (No. 20015728) through a grant provided by the Ministry of Interior and
Safety, research programs (No. 20223030020230) through a grant provided by the Ministry of Trade,
Industry and Energy, and a GIST Research Institute (GRI) APRI grant funded by the GIST in 2023.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Materials 2024, 17, 1404 150f 16

References

1. Li, Z.;Pan,].; Hu, H.; Zhu, H. Recent advances in new materials for 6G communications. Adv. Electron. Mater. 2022, 8, 2100978.
[CrossRef]

2. Orloff, N.D.; Ubic, R.; Lanagan, M. Special topic on materials and devices for 5G electronics. Appl. Phys. Lett. 2022, 120, 060402.
[CrossRef]

3. Rodriguez-Cano, R.; Perini, S.E.; Foley, B.M.; Lanagan, M. Broadband characterization of silicate materials for potential 5G/6G
Applications. IEEE Trans. Instrum. Meas. 2023, 72, 6003008. [CrossRef]

4. Rodriguez-Cano, R.; Lanagan, M.; Perini, S.; Li, X.; Gopalan, V. Broadband dielectric characterization of glasses and other silicates
up to the THz frequencies. In Proceedings of the IEEE International Symposium on Antennas and Propagation and USNC-URSI
Radio Science Meeting, Portland, OR, USA, 23—28 July 2023.

5. Rodriguez-Cano, R.; Perini, S.; Lanagan, M.T. Dielectric characterization of materials at 5G mm-wave frequencies. In Pro-
ceedings of the IEEE 18th edition of the European Conference on Antennas and Propagation (EuCAP), Glasgow, Scotland,
17-22 March 2024.

6. Lanagan, M.T.; Brown, T.; Perini, S.; Yang, Q.X. High frequency dielectric materials for medicine and telecommunications. Jpn. J.
Appl. Phys. 2021, 60, SF0801. [CrossRef]

7. Cai, L.; Wu, J.; Lamberson, L.; Streltsova, E.; Daly, C.; Zakharian, A.; Borrelli, N.E. Glass for 5G applications. Appl. Phys. Lett. 2021,
119, 082901. [CrossRef]

8.  Kamutzki, F; Schneider, S.; Barowski, ].; Gurlo, A.; Hanaor, D.A H. Silicate dielectric ceramics for millimeter wave applications.
J. Eur. Ceram. Soc. 2021, 41, 3879-3894. [CrossRef]

9.  Gerace, K.S.; Lanagan, M.T.; Mauro, J.C. Dielectric polarizability of SiO, in niobiosilicate glasses. . Am. Ceram. Soc. 2023, 106,
4546-4553. [CrossRef]

10. Kanehara, K,; Urata, S.; Yasuhara, S.; Tsurumi, T.; Hoshina, T. Dielectric property and polarization mechanism of sodium silicate
glass in GHz-THz range. Jpn. J. Appl. Phys. 2022, 61, SN1001. [CrossRef]

11. Kanehara, K;; Urata, S.; Yasuhara, S.; Tsurumi, T.; Hoshina, T. Dielectric response and polarization mechanism of alkali silicate
glasses in gigahertz to terahertz frequency range. J. Am. Ceram. Soc. 2023, 106, 5341-5350. [CrossRef]

12.  Nieves, C.A.; Lanagan, M.T. Exploring the dielectric polarization and ionic conduction mechanisms in sodium-containing silicate
and borosilicate glasses. J. Non-Cryst. Solids. 2023, 617, 122505. [CrossRef]

13.  Shannon, R.D. Dielectric polarizabilities of ions in oxides and fluorides. J. Appl. Phys. 1993, 73, 348. [CrossRef]

14. Lanagan, M.T,; Cai, L.; Lamberson, L.A.; Wu, J.; Streltsova, E.; Smith, N.J. Dielectric polarizability of alkali and alkaline-earth
modified silicate glasses at microwave frequency. Appl. Phys. Lett. 2020, 116, 222902. [CrossRef]

15.  Wada, O.; Ramachari, D.; Yang, C.-S.; Uchino, T.; Pan, C.-L. High refractive index properties of oxyfluorosilicate glasses and a
unified dielectric model of silicate oxide glasses in the sub-terahertz frequency region. Opt. Mater. Express 2020, 10, 607-621.
[CrossRef]

16. Naftaly, M.; Miles, R.E. Terahertz time-domain spectroscopy of silicate glasses and the relationship to material properties. J. Appl.
Phys. 2007, 102, 043517. [CrossRef]

17.  Duffy, J.A.; Ingram, M.D. An interpretation of glass chemistry in terms of the optical basicity concept. ]. Non-Cryst. Solids 1976,
21, 373. [CrossRef]

18. Duffy, J.A.; Ingram, M.D. Establishment of an optical scale for Lewis basicity in inorganic oxyacids, molten salts, and glasses.
J. Am. Chem. Soc. 1971, 93, 6448-6454. [CrossRef]

19. Duffy, J.A. The electronic polarizability of oxygen in glass and the effect of composition. . Non-Cryst. Solids 2002, 297, 275-284.
[CrossRef]

20. Dimitrov, V.; Sakka, S. Electronic oxide polarizability and optical basicity of simple oxides. I. J. Appl. Phys. 1996, 79, 1736.
[CrossRef]

21. Dimitrov, V.; Komatsu, T. An interpretation of optical properties of oxides and oxide glasses in terms of the electronic ion
polarizability and average single bond strength. J. Univ. Chem. Technol. Metall. 2010, 45, 219-250.

22. Komatsu, T.; Dimitrov, V.; Tasheva, T.; Honma, T. Electronic polarizability in silicate glasses by comparison of experimental and
theoretical optical basicities. Int. J. Appl. Glass Sci. 2021, 12, 424-442. [CrossRef]

23. Komatsu, T.; Dimitrov, V. Features of electronic polarizability and approach to unique properties in tellurite glasses. Int. ]. Appl.
Glass Sci. 2020, 11, 253-271. [CrossRef]

24. Komatsu, T.; Dimitrov, V.; Tasheva, T.; Honma, T. A review: A new insight for electronic polarizability and chemical bond strength
in BipO3-based glasses. J. Non-Cryst. Solids 2020, 550, 120365. [CrossRef]

25. Li, H.; Richards, C.; Watson, J. High-Performance Glass Fiber Development for Composite Applications. Int. . Appl. Glass Sci.
2014, 5, 65-81. [CrossRef]

26. Ellison, A.; Cornejo, I.A. Glass substrates for liquid crystal displays. Int. ]. Appl. Glass Sci. 2010, 1, 87-103. [CrossRef]

27. Kato, Y.; Yamazaki, H.; Watanabe, T.; Saito, K.; Ikushima, A.J. Early Stage of Phase Separation in Aluminoborosilicate Glass for
Liquid Crystal Display Substrate. J. Am. Ceram. Soc. 2005, 88, 473-477. [CrossRef]

28. Cui, ],; Cao, X;; Shi, L.; Zhong, Z.; Wang, P.; Ma, L. The effect of substitution of Al;O3 and B,Oj3 for SiO; on the properties of

cover glass for liquid crystal display: Structure, thermal, visco-elastic, and physical properties. Int. |. Appl. Glass Sci. 2021, 12,
443-456. [CrossRef]


https://doi.org/10.1002/aelm.202100978
https://doi.org/10.1063/5.0079175
https://doi.org/10.1109/TIM.2023.3256463
https://doi.org/10.35848/1347-4065/ac2793
https://doi.org/10.1063/5.0057324
https://doi.org/10.1016/j.jeurceramsoc.2021.02.048
https://doi.org/10.1111/jace.19151
https://doi.org/10.35848/1347-4065/ac7b0f
https://doi.org/10.1111/jace.19189
https://doi.org/10.1016/j.jnoncrysol.2023.122505
https://doi.org/10.1063/1.353856
https://doi.org/10.1063/5.0008646
https://doi.org/10.1364/OME.382686
https://doi.org/10.1063/1.2771049
https://doi.org/10.1016/0022-3093(76)90027-2
https://doi.org/10.1021/ja00753a019
https://doi.org/10.1016/S0022-3093(01)00940-1
https://doi.org/10.1063/1.360962
https://doi.org/10.1111/ijag.16009
https://doi.org/10.1111/ijag.14776
https://doi.org/10.1016/j.jnoncrysol.2020.120365
https://doi.org/10.1111/ijag.12053
https://doi.org/10.1111/j.2041-1294.2010.00009.x
https://doi.org/10.1111/j.1551-2916.2005.00079.x
https://doi.org/10.1111/ijag.15904

Materials 2024, 17, 1404 16 of 16

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Grema, L.U.; Hand, R/J. Structural and thermophysical behaviour of barium zinc aluminoborosilicate glasses for potential
application in SOFCs. J. Non-Cryst. Solids 2021, 572, 121082. [CrossRef]

Junfeng, K.; Junzhu, C.; Sheng, L.; Ya, Q.; Yansheng, H.; Khater, G.A.; Yunlong, Y. Structure, dielectric property and viscosity of
alkali-free boroaluminosilicate glasses with the substitution of Al,Oj3 for SiO,. J. Non-Cryst. Solids 2020, 537, 120022. [CrossRef]
Zhang, L.; Qua, Y.; Wan, X.; Zhao, J.; Zhao, ].; Yue, Y.; Kang, ]. Influence of rare earth oxides on structure, dielectric properties and
viscosity of alkali-free aluminoborosilicate glasses. J. Non-Cryst. Solids 2020, 532, 119886. [CrossRef]

Liu, J.; Luo, Z.; Lin, C,; Han, L.; Gui, H,; Song, J.; Liu, T.; Lu, A. Influence of Y,Oj3 substitution for BO3 on the structure and
properties of alkali-free B,O3-Al,03-5i0, glasses containing alkaline-earth metal oxides. Phys. B Condens. Matter 2019, 553, 47-52.
[CrossRef]

Basics of Measuring the Dielectric Properties of Materials. Available online: https://www.keysight.com/us/en/assets/7018-012
84 /application-notes/5989-2589.pdf (accessed on 8 January 2024).

Ray, N.H. Composition-property relationships in inorganic oxide glasses. ]. Non-Cryst. Solids 1974, 15, 423—434. [CrossRef]
Li,S;Lu, Y,; Qu, Y; Kang, ].; Yue, Y;; Liang, X. Dielectric and thermal properties of aluminoborosilicate glasses doped with mixed
rare-earth oxides. J. Non-Cryst. Solids 2021, 556, 120550. [CrossRef]

Darwish, H.; Gomaa, M.M. Effect of compositional changes on the structure and properties of alkali aluminoborosilicate glasses.
J. Mater. Sci. Mater. Electron. 2006, 17, 35-42. [CrossRef]

Wau, J.; Stebbins, J.F. Effects of cation field strength on the structure of aluminoborosilicate glasses: High-resolution 11B, 27Al and
23Na MAS NMR. J. Non-Cryst. Solids 2020, 355, 556-562. [CrossRef]

Tuheen, ML.I; Du, J. Effect of modifier cation field strength on the structure of magnesium oxide containing aluminoborosilicate
glasses. Int. |. Appl. Glass Sci. 2022, 13, 554-567. [CrossRef]

Iftekhar, S.; Grins, J.; Edén, M. Composition-property relationships of the La;O3-Al,03-5iO; glass system. J. Non-Cryst. Solids
2010, 356, 1043-1048. [CrossRef]

Lu, Y;; Liu, H; Qu, Y;; Lu, H,; Huang, S.; Yue, Y. Influence of La,O3 and Cep;O3 additions on structure and properties of
aluminoborosilicate glasses. J. Mater. Sci Mater. Electron. 2017, 28, 2716-2722. [CrossRef]

Grammes, T.; Limbach, R.; Bruns, S.; van Wiillen, L.; de Ligny, D.; Kamitsos, E.I; Durst, K.; Wondraczek, L.; Brauer, D.S. Tailoring
the Mechanical Properties of Metaluminous Aluminosilicate Glasses by Phosphate Incorporation. Front. Mater. 2020, 7, 115.
[CrossRef]

Mott, N.E,; Davis, E.A. Optical Absorption, Electronic Processes in Non-Crystalline Materials, 2nd ed.; Oxford University Press: Oxford,
UK; New York, NY, USA, 1979; pp. 287-292.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jnoncrysol.2021.121082
https://doi.org/10.1016/j.jnoncrysol.2020.120022
https://doi.org/10.1016/j.jnoncrysol.2020.119886
https://doi.org/10.1016/j.physb.2018.10.024
https://www.keysight.com/us/en/assets/7018-01284/application-notes/5989-2589.pdf
https://www.keysight.com/us/en/assets/7018-01284/application-notes/5989-2589.pdf
https://doi.org/10.1016/0022-3093(74)90148-3
https://doi.org/10.1016/j.jnoncrysol.2020.120550
https://doi.org/10.1007/s10854-005-5139-2
https://doi.org/10.1016/j.jnoncrysol.2009.01.025
https://doi.org/10.1111/ijag.16599
https://doi.org/10.1016/j.jnoncrysol.2010.01.017
https://doi.org/10.1007/s10854-016-5850-1
https://doi.org/10.3389/fmats.2020.00115

	Introduction 
	Materials and Methods 
	Fabrication of Alkali-Free Aluminoborosilicate Glasses 
	Characterization of Alkali-Free Aluminoborosilicate Glasses 

	Results 
	Physical Properties 
	Dielectric and Polarizability Properties at GHz Frequencies 
	Dielectric and Polarizability Properties at Optical Frequencies 

	Conclusions 
	References

